We have derived constraints on the tau neutrino mass and fourth generation mixing from an analysis of the partial widths of tau lepton decays, in particular:
Introduction
Massive neutrinos feature in many extensions to the Standard Model [1] . They have been suggested as a source of dark matter [2] and, if they oscillate in the sun, as an explanation for the deficit in the observed solar neutrino flux [3, 4] . The best experimental upper limit on the tau neutrino mass is m ντ < 24 MeV at the 95% confidence level [5] , which was obtained using many-body hadronic decays of the τ .
In this paper we describe a complementary method for constraining the τ neutrino mass, m ντ , from precise measurements of τ partial widths for the following decays
− ν τ , and τ − → K − ν τ . The dependence of the purely leptonic decay rates on m ντ has been considered by others [6] [7] [8] whereas, to the best of our knowledge, the hadronic decays have not previously been analysed for this purpose. The τ partial decay widths are also sensitive to mixing in the leptonic sector with a fourth generation weak isospin lepton doublet (ν L , L − ) [6, [9] [10] [11] [12] [13] , where the neutrino has a mass M > M Z /2.
We present calculations of the τ partial widths for these channels which allow for the effects of nonzero tau neutrino mass and mixing. Then, using data from e + e − experiments, we derive constraints on the tau neutrino mass and mixing.
This approach is complementary to traditional analyses of the kinematic end-point of multi-hadron tau decays, which yield tighter constraints on m ντ but which are insensitive to fourth generation mixing. Moreover, the channels we consider are statistically independent and theoretically very well understood.
Partial widths for τ decays
In the Standard Model describing the electroweak interaction, the partial width Γ ℓ for the decay τ − → ℓ −ν ℓ ν τ (X EM ), with ℓ − = e − , µ − and X EM = γ, γγ, e + e − , . . ., is given by
where G F is the Fermi constant, m τ and τ τ are the τ mass and lifetime. The radiative-correction function R ℓ has been calculated [14] [15] [16] [17] , with α(m τ ) ≃ 1/133.3 [17] , to be
If the neutrino masses are zero for all generations, then the phase-space factor, F 0 ℓ , is given by the well-known expression:
where [18] is obtained from the measurement of the muon lifetime using equation 1, with ℓ − = e − and substituting τ → µ. G F implicitly includes the residual effects of radiative corrections not explicitly included in equation 2.
The partial widths for the decays τ
where f h are the hadronic form factors, f π and f K , and V αβ are the CKM matrix elements, V ud and V us , for π − and K − respectively. From an analysis of π − → µ The radiative correction factor, R h , is given by [17] 
The ellipsis represents terms, estimated to be O(±0.01) [19] , which are neither explicitly treated nor implicitly absorbed into
For massless neutrinos the phase-space function, F 0 h , is given by
where m h is the hadron mass and x = m 2 h /m 2 τ . We now consider the effects of neutrino masses and mixing on the τ decay rates. The expression for Γ ℓ , allowing for non-zero neutrino masses and mixing between n lepton generations, is given by:
where U ai is the lepton mixing matrix [18, page 276] and F ℓ , the phase-space factor, depends on the neutrino and charged lepton masses. The electron and muon neutrinos couple dominantly to ν 1 and ν 2 and have small masses [18] . We therefore neglect the masses of ν 1 and ν 2 and their mixing with ν 3 . We do, however, consider the possible existence of a fourth generation neutrino, ν L , of mass m ν L > M Z /2 which mixes with ν τ (LEP data have constrained the number of neutrinos of mass m ν < M Z /2 to be N ν = 2.991 ± 0.016 [18] ). Since such a neutrino is kinematically forbidden in τ decays, the corresponding phase-space factor is zero. Γ ℓ is therefore suppressed by a factor which depends on the strength of the mixing of the third and fourth generations, but not on the mass m ν L . From the above, equation 7 reduces to
where the factor of (1 − sin 2 θ L ) ≡ |U τ 3 | 2 allows for the Cabibbo-like suppression due to fourth generation mixing, and the phase-space factor is given by:
where y = m The expression for Γ h , allowing for non-zero neutrino masses and mixing in a similar fashion, is given by:
where the phase-space function has been calculated to be: 
Constraints on ν τ mass and mixing
In the standard model of electroweak interactions the three lepton generations interact in an identical way, apart from effects caused by their differing masses. In particular, they each couple with the same strength to the charged weak current. If this assumption of universality is relaxed for the τ , then the G , evaluated assuming massless neutrinos and no mixing, appeared to be significantly smaller than G F it could indicate either new physics [13] or the suppression of decay rates due to non-zero neutrino masses or mixing.
We use the Particle Data group values and errors [18] for the measured quantities, in particular: production near threshold, since this has no dependence on m ντ . Substituting in equations 1 and 4 for the measured quantities, and assuming that m ντ = 0 and sin 2 θ L = 0 we obtain
where the number of standard deviations from the universality prediction (of unity) are shown in parentheses. These results, which are all consistent with unity, indicate that the lepton couplings are universal and show no indications for non-zero neutrino mass or mixing. We therefore assume universality holds and use the measured τ partial widths to constrain m ν 3 and sin 2 θ L . We have mapped the likelihood of observing the measured τ partial widths, as a function of both m ν 3 and sin 2 θ L , by randomly sampling all the quantities used according to their experimental errors, allowing for the estimated 1% theoretical uncertainty on R h . The CLEO measurement of the τ mass was used to further constrain m ν 3 . From an analysis of
2 /1400MeV [21] . The likelihood for the CLEO and BES measurements to agree, as a function of m ν 3 is included in the global likelihood.
Figure 2(a) shows the 90% and 95% contours of the two dimensional likelihood distribution combined for all four τ decay channels. No evidence is seen for a non-zero neutrino mass, nor for mixing. By integration of the two dimensional likelihood over all values of sin 2 θ L we obtain the one-dimensional likelihood for m ν , independent of the value of sin 2 θ L , as shown by the solid line of figure 2(b). We obtain the following upper limits: m ν 3 < 42(48) MeV at the 90(95)% confidence levels. The solid line of figure 2(c) shows the one-dimensional likelihood distribution for sin 2 θ L , integrated over all values of m ν 3 , from which we derive the upper limits: sin 2 θ L < 0.014(0.017) at the 90(95)% confidence levels. Table 1 
Non-inclusion of the constraint from the CLEO τ mass measurement results in the following limits: m ν 3 < 59(68) MeV and sin 2 θ L < 0.013(0.016) at the 90(95)% confidence levels. The slight reduction in the sin 2 θ L limit values, despite the increase in the m ν 3 limit, is due to the anticorrelation of the effects on the likelihood of non-zero values for m ν 3 and sin 2 θ L .
Conclusions
We have derived the following constraints on the tau neutrino mass and fourth generation mixing from an analysis of the partial widths of tau lepton decays: m ντ < 42 MeV and sin 2 θ L < 0.014 at the 90% confidence level. These results are statistically and systematically independent of traditional endpoint analyses using multi-hadronic decays of the τ . Moreover we simultaneously consider mixing, and are insensitive to fortuitous or pathological events close to the kinematic limits, details of the resonant structure of multi-hadron τ decays, and the absolute energy scale of the detectors.
These results will improve with more precise measurements of the τ mass, lifetime, and branching fractions, for example at a τ -charm factory. Ultimately, we expect that this method will be limited by the uncertainty on the τ lifetime. The extension of this technique to include multi-hadronic τ decays, in conjunction with an improved theoretical description, should provide considerably more sensitivity due to the higher multiplicity of the final states. 
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where m h is the hadron mass and x = m 2 h =m 2 .
We now consider the e ects of neutrino masses and mixing on the decay rates. The expression for `, allowing for non-zero neutrino masses and mixing between n lepton generations, is given by:
jU i j 2 jU`jj 2 F`; (7) where U ai is the lepton mixing matrix 18, page 276] and F`, the phase-space factor, depends on the neutrino and charged lepton masses.
The electron and muon neutrinos couple dominantly to 1 and 2 and have small masses 18]. We therefore neglect the masses of 1 and 2 and their mixing with 3 . We do, however, consider the possible existence of a fourth generation neutrino, L , of mass m L > M Z =2 which mixes with (LEP data have constrained the number of neutrinos of mass m < M Z =2 to be N = 2:991 0:016 18]). Since such a neutrino is kinematically forbidden in decays, the corresponding phase-space factor is zero. `i s therefore suppressed by a factor which depends on the strength of the mixing of the third and fourth generations, but not on the mass m L . From the above, equation 7 reduces to
where the factor of (1 sin 2 L ) jU 3 j 2 allows for the Cabibbo-like suppression due to fourth generation mixing, and the phase-space factor is given by: F`(x; y) = F 0 (x) 8y(1 x) 3 + (9) where y = m 2 3 =m 2 , F 0 is given by equation 3 and the ellipsis represents negligible terms of higher order in m 3 . Figures 1(a) and 1(b) show the variation of F`=F 0 with m 3 for ! e e and ! decays respectively. The expression for h , allowing for non-zero neutrino masses and mixing in a similar fashion, is given by:
2 where the phase-space function has been calculated to be: 3 Constraints on mass and mixing
In the standard model of electroweak interactions the three lepton generations interact in an identical way, apart from e ects caused by their di ering masses. In particular, they each couple with the same strength to the charged weak current. If this assumption of universality is relaxed for the , then the G 2 F factor appearing in equations 1 and 4 may be replaced by G F G F , where G F is not necessarily equal to G F . If the measured values of G F , evaluated assuming massless neutrinos and no mixing, appeared to be signi cantly smaller than G F it could indicate either new physics 13] or the suppression of decay rates due to non-zero neutrino masses or mixing.
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